The 8q24 locus, which contains the thyroglobulin (Tg) gene, was previously shown to be strongly linked with autoimmune thyroid disease (AITD). We sequenced all 48 exons of the Tg gene and identified 14 single-nucleotide polymorphisms (SNPs). Case control association studies demonstrated that an exon 10 -12 SNP cluster and an exon 33 SNP were significantly associated with AITD (P < 0.01). Haplotype analysis demonstrated that the combination of these two SNP groups was more significantly associated with AITD (P < 0.001). Gene-gene interaction studies provided evidence for an interaction between HLA-DR3 and the exon 33 SNP, giving an odds ratio of 6.1 for Graves' disease. We then sequenced exons 10,12, and 33 of the mouse Tg gene in 19 strains of mice. Fifty percent of the strains susceptible to thyroiditis had a unique SNP haplotype at exons 10 and 12, whereas none of the mouse strains that were resistant to thyroiditis had this SNP haplotype (P ‫؍‬ 0.01). We concluded that Tg is a susceptibility gene for AITD, both in humans in and in mice. A combination of at least two Tg SNPs conferred susceptibility to human AITD. Moreover, the exon 33 SNP showed evidence for interaction with HLA-DR3 in conferring susceptibility to Graves' disease.
T
he autoimmune thyroid diseases (AITDs), including Graves' disease (GD) and Hashimoto's thyroiditis (HT), are among the most common human autoimmune diseases with recent data showing a prevalence of clinical AITD of up to 1% in the U.S. population (1, 2) . The hallmark of GD is the production of thyroid-stimulating hormone receptor (TSHR)-stimulating antibodies causing hyperthyroidism, whereas HT is characterized by the apoptosis of thyrocytes, leading to hypothyroidism (reviewed in refs. 3 and 4) . However, despite their contrasting clinical presentations, GD and HT share many features in common, mainly, infiltration of the thyroid by T cells and production of antithyroid autoantibodies [antithyroglobulin and anti-thyroid peroxidase (TPO) antibodies] (3) (4) (5) . AITDs are complex diseases, which are caused by an interaction between susceptibility genes (6) (7) (8) and nongenetic factors, such as infection (9) (10) (11) (12) . This paradigm is based on solid epidemiologic evidence demonstrating a genetic predisposition to AITDs, including: (i) familial clustering (13) ; (ii) a sibling risk ratio ( s ) of Ͼ10 (7, 14) ; (iii) a high concordance rate in monozygotic twins when compared with dizygotic twins (15) (16) (17) (18) ; and (iv) the presence of thyroid autoantibodies, which are markers of subclinical AITD, in up to 50% of siblings of patients with AITD (19, 20) .
We have previously performed a whole-genome scan in a dataset of 102 multiplex, multigenerational AITD families (540 individuals; refs. [21] [22] [23] . Three loci on chromosomes 6p, 8q, and 10q showed evidence for linkage with the entire AITD dataset giving maximum multipoint heterogeneity logarithm of odds (lod) scores of 2.0, 3.5, and 4.1, respectively. The 8q24 locus was also reported to be linked with AITD in a dataset of 123 Japanese sibling pairs (24) . The 8q24 locus contains the thyroglobulin (Tg) gene, one of the major autoantigens in AITDs.
The AITDs are characterized by cellular and humoral immune responses to Tg, and, thus, the Tg gene is a strong positional candidate gene for AITD (5) . We therefore proceeded to analyze the Tg gene directly. Sequence alignment searches revealed three new microsatellites inside introns 10, 27, and 23 of the Tg gene (designated Tgms1, 2, and 3, respectively). Tgms2 was the most informative microsatellite and it showed strong evidence for linkage with AITD (lod score ϭ 2.9; ref. 23) . Moreover, association studies showed a significant association of Tgms2 with AITD (23; P ϭ 0.004). These results have been replicated recently in a U.K. dataset (25) . As in our study, the U.K. study also showed a significant association between Tgms2 and AITD (P Ͻ 0.001). Moreover, the same Tgms2 allele that we found to be associated with AITD was found to be associated by Collins et al. (25) . The fact that a microsatellite inside the Tg gene was linked and associated with AITD suggested that the Tg gene was the AITD susceptibility gene on 8q24. We therefore sequenced the thyroglobulin gene in AITD patients and controls, as well as in mice susceptible and resistant to autoimmune thyroiditis induced by Tg immunization. Here, we report the identification of amino acid substitutions in the thyroglobulin gene predisposing to human AITD, as well as to murine experimental autoimmune thyroiditis (EAT).
Materials and Methods
Patients and Controls. AITD patients. The project was approved by the Mount Sinai School of Medicine Institutional Review Board. Two hundred eighty-five Caucasian AITD patients were studied, 99 of them were probands from our AITD families, which were used in our whole-genome scan (22) . The probands came from Caucasian families that were multiplex for AITD (more than one affected) and͞or multigenerational. There were a total of 193 GD patients and 92 HT patients. Clinical assessment. Graves' disease was diagnosed by (i) documented clinical and biochemical hyperthyroidism requiring treatment, (ii) a diffuse goiter, or (iii) presence of TSHR antibodies and͞or a diffuse thyroid scan. TSHR antibodies were measured by using a radioreceptor assay (Kronus, Boise, ID). HT was diagnosed by documented clinical and biochemical hypothyroidism requiring thyroid hormone replacement and the presence of anti-TPO, with or without anti-Tg antibodies, with or without goiter. Anti-Tg and anti-TPO antibodies were measured by specific RIA (Kronus). For all subjects, phenotype was determined with the clinician blinded to the individual's genotype. Controls. One hundred fifty age-and sex-matched healthy Caucasian volunteers served as controls in our association studies. All controls had no personal or family history of thyroid disease, and no goiter on examination; they had normal thyroid functions and were negative for thyroid autoantibodies.
Sequencing the Human Tg Gene. The Tg gene has 48 exons (26) , and the primers used for amplifying the Tg exons are given in Table  7 , which is published as supporting information on the PNAS web site. Each exon was sequenced by using flanking primers that were Ϸ100 base pairs upstream from 5Ј intron-exon junction or downstream from the 3Ј intron-exon junction. This approach enabled us to sequence all regions that could affect the amino acid sequence of Tg, and potential alternative splicing sites of Tg (the binding sites for the spliceosome) (27) (28) (29) . Genomic DNA was amplified by using these primers and the PCR product was sequenced as described (30) . We sequenced each exon of the Tg gene in 10 unrelated normal controls to identify common single-nucleotide polymorphisms (SNPs) (i.e., SNPs that show in healthy individuals with a frequency of Ͼ10%). In addition, we sequenced the Tg gene in five affected sib pairs from five families that showed positive lod scores at the 8q24 region.
Analysis of the Human Tg SNPs. Fourteen SNPs were identified within the Tg gene (see Results). These SNPs were analyzed either by a fluorescent-based restriction fragment length polymorphism method (30) or by the SNAPshot method (PE Applied Biosystems, Foster City, CA). The details of the primers, restriction enzymes, and fragment size for SNP genotyping are available in Table 8 , which is published as supporting information on the PNAS web site.
Analysis of a Large Insertion͞Deletion (INDEL) Polymorphism of 1,464
Base Pairs in the Tg Gene. Recently (31), a large INDEL polymorphism was identified in intron 18 of the Tg gene. The INDEL polymorphism was also analyzed for association with AITD. The INDEL polymorphism was analyzed by amplification with sequence specific primers. The primer sequences are available in Table 8 . 
, and DBA͞1J (H-2 q ), was purchased from The Jackson Laboratory. Exons 10, 12, and 33 of the mouse Tg (mTg) gene, which show 75-80% homology with the corresponding exons in the human Tg gene (32) , were amplified and sequenced. The primers used for amplification and sequencing of these mTg exons are given in Table 9 , which is published as supporting information on the PNAS web site. All primers were intronic at an average distance of 100 bases from the 3Ј or 5Ј end of the exons. Mouse genomic DNA was amplified by using these primers and the PCR product was sequenced as described (30) .
Association Analyses. Case control association analyses were performed by using the 2 and Fisher's exact tests with Yates correction. The odds ratio (OR) was calculated by the method of Woolf (33) . A P value of Ͻ0.05 was considered significant.
Results
Sequence Analysis of the Tg Gene and SNP Identification. The National Center for Biotechnology Information Tg gene transcript (accession no. NM 003235) and all sequence fragments from the Celera database (255 fragments) that matched the Tg transcript were aligned together by using the CAP3 program (34) to identify mismatches that could potentially reflect true SNPs. In the case of two exons (9 and 36), no matching fragments were found and the relevant portion of the Celera gene sequence was used instead. Two or more mismatches at a specific nucleotide (indicating high probability for the existence of a true SNP and less likely sequencing errors) were identified in 11 exons, demonstrating the existence of a large number of sequence polymorphisms in the Tg gene. We therefore sequenced the entire Tg gene (48 exons) in 10 affected individuals (five sib pairs) from five families that showed positive lod scores at the 8q24 region, and 10 randomly selected healthy controls. Fourteen Tg gene SNPs were identified; 10 exonic and 4 intronic ( Table 1) . Eight of the 10 exonic SNPs were predicted by our sequence alignment, demonstrating that sequence alignment alone is a powerful tool for SNP discovery. Of the 10 exonic SNPs, 2 were silent (i.e., did not cause an amino acid substitution), and 8 caused an amino acid substitution. Three of the SNPs were nonconservative (Table 1) . Linkage disequilibrium (LD) testing by using the SNPHAP software (www-gene.cimr.cam. ac.uk͞clayton͞software͞snphap.txt), demonstrated the existence of three LD groups of SNPs (exons 10-12 cluster, exons 18-21 cluster, and exon 34 cluster).
Identifying the Tg SNPs Associated with AITD. Case control association studies were performed for the 14 discovered Tg SNPs in 285 AITD patients and 150 controls. One SNP cluster (the exons 10-12 cluster) and the exon 33 SNP showed significant associations with AITD ( Fig. 1 and Tables 10-12, which are published as supporting information on the PNAS web site). Subset analysis showed that these four SNPs were associated, with both GD and HT giving similar ORs (Tables 10-12 ). We then analyzed interactions between these SNPs and examined whether certain combinations conferred stronger susceptibility for AITD. The analysis demonstrated that (i) any of the three SNPs of the exons 10-12 cluster in combination with the exon 33 SNP were strongly associated with AITD; and (ii) the association was strongest when an individual was homozygous for the exon 33 SNP susceptibility allele, and were either homozygous or heterozygous for the exons 10-12 SNP susceptibility alleles (Tables 2-4) . Thus, susceptibility to AITD was conferred by inheritance of both copies of the susceptibility allele of exon 33 SNP (recessive inheritance) and one or two copies of the susceptibility allele of either one of the SNPs of the exons 10-12 cluster (dominant inheritance). While we cannot determine which SNP of the exons 10-12 SNP cluster is the AITDsusceptibility SNP because of the strong LD between them, it is unlikely to be E10SNP158, which is a silent SNP, and is more likely to be either E10SNP24 or E12 SNP. Separate analyses for GD and HT showed that both GD and HT were associated with the exons 10-12 and exon 33 SNPs with similar ORs (Tables 2-4) .
Recently, a novel large INDEL polymorphism of 1,464 base pairs was identified in intron 18 of the Tg gene (31) . We found no significant association between AITD and the INDEL polymorphism ( Fig. 1 and Tables 10-12 ).
Sequence Analysis for Rare Sequence Variants. It was possible that additional rare sequence variants (not detected in our sequencing of 10 patients and 10 controls) in tight LD with E10SNP24, E12SNP, and E33SNP might be the causative polymorphisms for AITD in the Tg gene. Therefore, we sequenced exons 10, 12, and 33 in 190 AITD patients to look for these possible rare variants. Only one rare SNP was identified in exon 12, but it was a silent SNP (did not cause an amino acid change) and was not associated with AITD (data not shown).
Interaction Between HLA-DR3 and the Tg SNPs. Because HLA-DR3 is associated with GD (35, 36), we analyzed for gene-gene interaction between the associated Tg SNPs and HLA-DR3. Case control association analysis of the Tg SNPs in combination with HLA-DR3 showed evidence for an interaction between HLA-DR3 and the exon 33 SNP, giving an OR of 6.1 for GD (Table 5) .
Tg SNPs Are Associated with EAT in Mice. Because mTg has 71.8% homology (77.3% for exon 10, 76.1% for exon 12, and 81.2% for exon 33) with human Tg (32), we hypothesized that sequence variants in mTg predisposing to EAT may be localized close to the positions where we found the causative SNPs for human AITD; i.e., in exons 10, 12, and 33 of the mTg gene. We therefore sequenced exons 10, 12, and 33 of mTg in 19 strains of mice, 10 susceptible to EAT (CBA͞J, C3H͞HeJ, C3HeB͞FeJ, AKR͞J, B10.BR͞SgSnJ, CE͞J, MA͞MyJ, RF͞J, ST͞bJ, and B6C3F1͞J), seven resistant (C57BL͞6J, 129͞J, C57L͞J, LP͞J, BALB͞cJ, DBA͞2J, and C57BLKS͞J), and two partially resistant (PL͞J and DBA͞1J; refs. 37-39; Table 6 ). Seven SNPs were discovered in and around exon 10 of mTg (two intronic, five exonic, and two of them silent); four SNPs were discovered in and around exon 12 (two intronic, two exonic, and both of them silent); and no SNPs were discovered in exon 33 (as for human Tg, all of the exon 10 and 12 SNPs were in tight LD). Thus, amino acid substitutions were identified only in exon 10 of the mTg gene. There was a significant association between the exon 10 SNP haplotypes and susceptibility to thyroiditis in mice. Five of 10 (50%) mouse strains susceptible to thyroiditis had the haplotype Ser-Met-Thr for exon 10, whereas all of the mouse strains that were resistant to thyroiditis had the haplotype Asn-Val-Ile for exon 10 ( 2 ϭ 6.1, P ϭ 0.01; Table 6 ). One of the mouse strains susceptible to thyroiditis (RF͞J) had the haplotype Asn-Met-Ile for exon 10 (Table 6 ). Therefore, Met at position 808 of the mTg gene was found in 6͞10 (60%) of susceptible mouse strains and in none of the resistant strains ( 2 ϭ 7.9, P ϭ 0.005). In summary, SNPs in exons 10 and 12 of the Tg gene correlated with the susceptibility to autoimmune thyroid disease in both humans and in mice.
Discussion
This study provided further evidence that the Tg gene is an important susceptibility gene for AITD. Tg is one of the main autoantigens in AITD and anti-Tg antibodies are common in AITD (reviewed in ref. 5 ). There is abundant evidence that Tg plays an important role in the etiology of AITD, including: (i) anti-Tg antibodies are detected in almost all patients with AITD (5), and these Tg antibodies are restricted in their epitope specificity in contrast to the polyclonal nature of Tg antibodies found in healthy individuals (40); (ii) immunization with Tg induces autoimmune thyroiditis in experimental animals (37-39); and (iii) spontaneous models of autoimmune thyroiditis are also characterized by the development of anti-Tg antibodies (41) . This article extended these observations and demonstrated that Tg was directly involved in the genetic etiology of AITD. The Tg gene region has been previously shown to be linked with AITD (23, 24) , and our data identified the sequence changes in the Tg gene, which conferred this susceptibility to AITD. Case control association studies for 14 Tg SNPs in AITD patients and controls showed that one SNP cluster (the exons 10-12 cluster) and an exon 33 SNP were significantly associated with AITD (Fig. 1) . Moreover, SNPs in exons 10 and 12 of mTg were also associated with EAT. Taken together, these data strongly supported the Tg gene as an important susceptibility gene for AITD.
Tg is one of the three genes encoding major disease-specific thyroid autoantigens, including the TPO and TSHR genes. Previous studies examining the TPO gene (42, 43) and the TSHR gene (44, 45) did not find linkage and failed to support them as major susceptibility genes for AITD in Caucasians. Thus, Tg is the first thyroid-autoantigen gene to be shown to confer susceptibility for AITD.
To date, three immunomodulatory genes have been shown to confer susceptibility to AITD: the HLA genes (reviewed in ref. 35) , the CTLA-4 gene (30, 46, 47) , and the CD40 gene (48, 49) .
Thus, it is likely that susceptibility to AITD involves an interaction between immune regulatory genes and at least one thyroid autoantigen-specific gene, namely Tg, as well as environmental factors. Indeed, our analysis for interaction between the associated Tg SNPs and HLA-DR3 showed evidence for an interaction between HLA-DR3 and the exon 33 SNP (Table 5 ). This proposed mechanism of immuneregulatory genes interacting with autoantigen-specific genes, may be a more general mechanism for the development of organ-specific autoimmune diseases. Indeed, this mechanism has been shown to play a central role in the etiology of type 1 (autoimmune) diabetes (T1D). In T1D, an immune-related gene, HLA-DQ, and an autoantigen gene, the insulin gene, VNTR, were shown to be linked and associated with disease (50) . The VNTR polymorphism influences insulin gene expression (51) , and was postulated to predispose to T1D by influencing the induction of tolerance to insulin in the thymus (52, 53) , whereas HLA-DQ is believed to predispose to T1D by influencing the presentation of insulin peptides to T cells (54, 55) . Thus, these two genes may interact and induce tolerance to insulin. In view of our findings, one may postulate a similar mechanism in AITD, where the susceptibility SNPs in Tg predispose to AITD by influencing the formation of immunogenic peptides and their presentation to T cells. However, further structure-function studies are required to substantiate this model. Susceptibility to EAT in mice was traditionally thought to be influenced only by the mouse class II MHC genes (39, 56) . However, further studies have shown that other genes outside the MHC gene complex must be involved in the susceptibility to EAT in mice (57, 58) . Moreover, one study (59) has shown that induction of EAT by immunization with Tg from different strains of mice had a profound effect on the degree of thyroiditis developed, suggesting that alterations in the sequence͞structure of mTg were important for the development of EAT. We therefore tested whether SNPs in mTg could affect the susceptibility to EAT and our results showed an association between SNPs in exon 10 of mTg and susceptibility to thyroiditis. Five of the ten (50%) mouse strains susceptible to thyroiditis had the haplotype Ser-Met-Thr for exon 10 SNPs, whereas all nine mouse strains that were resistant to thyroiditis had the haplotype Asn-Val-Ile for exon 10 SNPs (P ϭ 0.01; the two exon 12 SNPs were also associated with EAT, but they were both silent SNPs; Table 6 ). This finding suggested that SNPs in exons 10 and͞or 12 of mTg influence susceptibility and resistance to murine EAT. Interestingly, one of the mouse strains susceptible to thyroiditis (RF͞J) was a recombinant and had the haplotype Asn-Met-Ile for exon 10 ( Table 6 ), suggesting that V808M may be the susceptibility polymorphism in the mTg gene. It should be mentioned that EAT is not a perfect model for human AITD because it is induced by immunization with Tg and does not develop spontaneously. Moreover, one mouse strain, which is resistant to EAT (BALB͞c), was recently shown to be susceptible to induction of a Graves'-like disease by DNA immunization with the TSH R gene (60) . The Tg gene may predispose to AITD by a number of mechanisms; for example: (i) sequence changes in Tg may change its antigenicity making it more immunogenic; (ii) sequence changes in Tg may change its interaction with HLA class II molecules; and (iii) sequence changes in Tg may influence its degradation by cathepsin S in endosomes, a process which has been recently shown to play an important role in development of autoimmunity (61) .
While our data strongly suggest that Tg is an AITD susceptibility gene on chromosome 8q24, we cannot rule out the possibility that it may be in tight LD with another nearby gene. There is no absolute way of proving that a polymorphism in a gene actually causes disease, but structure-function studies provide strong evidence. For example, structure-function studies substantiated the role of HLA-DQ and the insulin gene, VNTR, in the etiology of T1D. Hence, it is important to note that the exon 33 SNP we identified caused a nonconservative amino acid substitution (Trp to Arg). The change from a hydrophobic amino acid (Trp) to a positively charged hydrophilic amino acid (Arg) would be expected to change the structure of Tg at this region.
In conclusion, Tg was confirmed as a susceptibility gene for AITD. A combination of amino acid substitutions at exons 10 and͞or 12 and at exon 33 conferred susceptibility to AITD. The exon 33 amino acid substitution showed evidence for interaction with HLA-DR3 in conferring susceptibility to GD.
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